Extended x-ray absorption fine structure ͑EXAFS͒ spectroscopy was used to identify structural perturbations in Ge nanocrystals produced in silica by ion implantation and annealing. Although the nanocrystals retained tetrahedral coordination, both the short-and medium-range orders were perturbed relative to bulk crystalline material. Equivalently, the nanocrystal interatomic distance distribution deviated from that of bulk crystalline Ge, exhibiting enhanced structural disorder of both Gaussian and non-Gaussian forms in the first, second, and third nearest-neighbor shells. The relative influences of nanocrystal size, bonding distortions, multiple phases, and a matrix-induced compression were considered. © 2004 American Institute of Physics. ͓DOI: 10.1063/1.1639136͔
Semiconductor nanocrystals in a dielectric medium can exhibit unique optical properties and consequently have a variety of potential applications.
1 Although various fabrication methodologies have been explored, ion implantation and thermal annealing provide a very flexible means of producing semiconductor nanocrystals in the near-surface region of a wide variety of host materials. Given that the optical properties are governed by the structural properties, characterization of the latter as a function of the implantation and annealing conditions is of both scientific and technological importance. Recently, diffraction anomalous fine-structure ͑DAFS͒ and extended x-ray absorption fine structure ͑EXAFS͒ measurements were utilized in an elegant manner to demonstrate the presence of both amorphous and nanocrystalline phases within a given sample. 2 However, structural differences between the nanocrystalline and bulk crystalline phases were not observed. For the present study, we eliminated the amorphous component to enable highresolution EXAFS measurements of the short-and mediumrange orders of the nanocrystalline component. In contrast with previous reports, we show that the interatomic distance distribution of a Ge nanocrystal ensemble exhibits structural perturbations relative to that of bulk crystalline material.
Amorphous silica layers of thickness 5 m were grown by wet thermal oxidation of ͑100͒ Si substrates. Samples were implanted at Ϫ196°C with 2.0 MeV 74 Ge ions to a dose of 3ϫ10 17 /cm 2 ͑yielding a peak Ge concentration of ϳ10 at. % at a depth of ϳ1 m) and were then annealed in flowing forming gas for 1 h at a temperature of 1100°C. Transmission electron microscopy ͑TEM͒ measurements confirmed the formation of a nanocrystal ensemble: the mean nanocrystal diameter was ϳ14 nm and the full width at halfmaximum of the size distribution was ϳ7 nm. Electron diffraction measurements established that the bulk ͑diamond͒ crystallographic structure was retained with no evidence of residual amorphous material.
Prior to the EXAFS measurements, the Si substrate below the implanted silica layer was removed using a combination of mechanical grinding and selective chemical etching ͑KOH in H 2 O). The nanocrystal-containing silica films of thickness 5 m were then stacked together for subsequent EXAFS analysis. The resulting increase in effective Ge areal density yielded a significant improvement in the signal-tonoise ratio and enabled the high-resolution measurements presented below. In the DAFS/EXAFS measurements cited previously, 2 the photoelectron momentum (k) maximum was limited to 10 Å Ϫ1 , while in the present report it was extended to 17.1 Å Ϫ1 . Fluorescence-mode EXAFS measurements were performed at a temperature of 15 K at beam lines 20-B of the Photon Factory, Japan, and 7-3 of the Stanford Synchrotron Radiation Laboratory. Fluorescence spectra were recorded with a multi-element solid-state Ge detector, at the Ge K-edge ͑11.103 keV͒, with the Si ͑111͒ monochromator detuned by 50% for harmonic rejection. EXAFS spectra were isolated from the raw absorption by background subtraction and subsequent splining using SPLINE. 3 Structural parameters were then determined with IFEFFIT 4 using a complete multiple-scattering analysis and photoelectron momentum and non-phase-corrected radial distance (r) ranges of 4 to 17.1 Å Ϫ1 and 1.6 to 2.6 Å, respectively. Phases and amplitudes were calculated ab initio with FEFF8.0. 5 The amplitude reduction factor (S 0 2 ) and threshold energy (E 0 ) were determined from the bulk crystalline standard and held constant thereafter. A given data set was fitted simultaneously with multiple k weightings of 2-4. Figure 1 displays Fourier transforms of k 3 -weighted EXAFS spectra for as-implanted and annealed samples in addition to bulk crystalline GeO 2 and Ge standards. Comparing spectra from the as-implanted sample with those from the standards clearly shows that Ge atoms in an as-implanted state are bonded primarily to O atoms ͑at rϭϳ1.4 Å). A small fraction of Ge-Ge ͑and/or Ge-Si͒ bonding ͑at r ϭϳ2.1 Å) is also apparent.
Examining the annealed sample spectrum of Fig. 1 , we note the absence of Ge-O bonding and the presence of additional scattering contributions beyond the first shell ͑at r ϭϳ3.6 and ϳ4.3 Å). Both observations are consistent with the annealing-induced nucleation and growth of Ge nanocrystals. Comparing spectra from the annealed and bulk Ge samples shows that the short-range order of the latter is retained, with each Ge atom bonded to approximately four other Ge atoms at rϭϳ2.1 Å. For the annealed sample, no Ge-Si bonding was measurable, and we thus concluded that the nanocrystals did not contain a significant Si fraction. Greater differences in structure are evident beyond the first shell: note the reduction in the magnitude of the scattering contributions from the second and third nearest neighbors. The origins of such a reduction are discussed below. Table I compares the coordination numbers and the four moments of the three nearest-neighbor shells for bulk, nanocrystalline, and amorphous 6 Ge samples. For completeness, we present results for two means of fitting the nanocrystalline data: with and without fixed coordination numbers. In general, as the nanocrystal diameter decreases, or equivalently, the surface-area-to-volume ratio increases, a reduction in magnitude of the scattering contribution from higher-order shells in a Fourier-transformed spectrum is readily calculable. This phenomenon results from the reduction in coordination number for atoms at or near the nanocrystal surface. Our calculations for a Ge nanocrystal of diameter 14 nm yielded average coordination numbers of 3.90, 11.48, and 11.40 atoms for the first three nearest-neighbor shells, respectively. The differences from bulk crystalline values ͑4, 12, and 12 atoms͒ are comparable to the measurement error. Note, however, that the EXAFS results are weighted toward nanocrystals of greater size than the mean. Our coordination number determinations from EXAFS measurements should thus be even closer to bulk-like than our calculations predict.
Comparing nanocrystalline and bulk crystalline samples, Table I shows no significant differences in coordination number ͑as expected͒, yet the former exhibits a smaller bond length and greater disorder. Previously, a reduction in bond length was also measured with x-ray diffraction for similarly processed samples. 7 The significantly smaller bond length measured for the nanocrystalline sample relative to an amorphous sample further supports our claim that the extent of residual amorphous material is negligible for the stated annealing conditions.
For the nanocrystalline sample, the greater disorder relative to bulk crystalline Ge is responsible for the observed reduction in amplitude of the second and third nearest neighbors. The extent of such disorder is intermediate between that of bulk crystalline and amorphous samples. Structural differences between Ge nanocrystals in a silica matrix and bulk crystalline Ge have thus been established. We suggest different processing conditions and/or the combination of a smaller k range and the presence of both amorphous and nanocrystalline phases in a given sample could have impeded others 2 in identifying these perturbations. The structural differences presented numerically in Table  I are shown visually in Fig. 2 , which compares the reconstructed interatomic distance distributions for the nearestneighbor shell of the nanocrystalline, bulk crystalline, and amorphous samples. Differences are readily apparent.
We now consider two possible causes of the structural perturbation, noting that their unambiguous identification is complicated by their possible inhomogeneous extent.
͑1͒
The bonding configurations of Ge atoms at or near the nanocrystal/matrix interface will necessarily differ from those within the nanocrystal. Bording and Tafto 8 used molecular dynamics to simulate the growth of Ge nanocrystals in an amorphous matrix, demonstrating the presence of interfacial-bonding-induced strain within the nanocrystal at a distance of ϳ1 nm from the interface. For a nanocrystal of diameter 14 nm, ϳ37% of the atoms reside within 1 nm of the nanocrystal/matrix interface and thus the potential influence of interfacialbonding-induced strain is non-negligible. As the nanocrystal diameter decreases, this form of structural perturbation increases in significance. ͑2͒ At an annealing temperature of 1100°C, Ge nanocrystals are molten. ͑The bulk crystalline melting point is 937°C.) Upon cooling below the melting point, an unconstrained nanocrystal would expand given the mass density of the liquid exceeds that of the solid by ϳ5%.
9
The constraint imposed by the silica matrix was governed by the melting temperature͑s͒ of the nanocrystals, the temperature-dependent viscosity of the matrix and the thermal expansion coefficients of the matrix and nanocrystals. ͑The latter is greater by approximately one order of magnitude.͒ We anticipate a size-dependent melting temperature for the Ge nanocrystals, and thus a fraction of the Ge nanocrystal ensemble may have remained molten at temperatures below 937°C. Furthermore, the viscosity of silica is such that flow is not typically observed at temperatures below ϳ950°C. 10 We suggest the structural parameters of the annealed sample are also consistent with a matrix-induced compression, yielding distortion in both the bond length and bond angle distributions manifested as the smaller bond lengths and greater disorder of the three nearest-neighbor shells of the nanocrystalline sample relative to the bulk crystalline standard ͑Table I͒.
In conclusion, Ge nanocrystals retain the diamond-type lattice characteristic of bulk crystalline material. However, EXAFS measurements, have demonstrated the presence of atomic-scale structural perturbations in Ge nanocrystals relative to bulk crystalline material. These perturbations were apparent as both bond length and bond angle distortions and have been attributed to the influences of interfacial-bondinginduced strain and a matrix-induced compression. 
